Abstract This review is focused on gender differences in cardiac remodeling secondary to sustained increases in cardiac volume (VO) and generated pressure (PO). Estrogen has been shown to favorably alter the course of VO-induced remodeling.
Introduction
A significant cause of morbidity and mortality in postmenopausal women is heart failure (HF) [40] . While the mechanisms which contribute to the increased incidence and acceleration of HF in this patient population remain unresolved, a common structural event is adverse left ventricular (LV) remodeling. LV remodeling in response to sustained elevations in LV pressure or volume and/or injury entails structural changes to the cardiomyocytes and extracellular matrix (ECM). The remodeling is considered to be compensatory if it results in the normalization of the myocardial stress and the maintenance of LV function. If, on the other hand, the limits to the compensatory remodeling mechanism are attained without achieving normalization, then the remodeling process becomes maladaptive with the end result being a thin walled, dilated, failing ventricle. While it is likely that decreased estrogen levels and thereby reduced local stimulation of estrogen receptors contribute to the HF process in post-menopausal women, the results from large clinical trials of hormone replacement therapy have been disappointing and remain controversial [34, 66, 81] . However, of particular interest to this review are recent findings indicating that use of hormone therapy in younger women has been associated with a lower risk of coronary heart disease and reduced overall mortality with minimal to no side effects [68, 69, 72] . Also, there is accumulating experimental evidence to indicate that premenopausal female animals, when faced with increased cardiac stress, have a greater ability to attain and maintain cardiac compensation than males. Nevertheless, this systemic estrogen treatment remains problematic in women who start hormone therapy many years after menopause [68, 69, 72] , suggesting that more specific targeting downstream of the estrogen receptors in the context of LV remodeling and HF would be a relevant therapeutic target thereby avoiding the adverse effects of systemic estrogen delivery in all age groups. To this end, this review will be focused on gender differences in cardiac remodeling secondary to sustained increases in cardiac volume (VO) and ventricular pressure (PO) and in particular highlight the ability of estrogen to modulate cardiac mast cells and/or membrane type 1 matrix metalloproteinases (MT1-MMP or MMP14) as novel possible therapeutic targets.
Structural gender remodeling differences

Global geometric remodeling
As described by Staufer and Leinwand [75] , left ventricular mass is similar for males and females until puberty. At this time, relative to females, male hearts undergo an increase in wall thickness and chamber size likely due to cardiomyocyte hypertrophy. This difference persists throughout adulthood. Rate of relaxation decreases with ageing in both sexes, however, males tend to also have impairments in systolic function not present in females [30] . With ageing, there is a loss of cardiomyocytes and a corresponding increase in volume of the remaining cardiomyocytes in male, but not female hearts [75] . This describes the gender-related changes in structure and function of the heart during the normal ageing process. However, there are stark differences in how the male and female heart remodels under pathological conditions. Global remodeling in response to a sustained elevation in myocardial wall stress can result in wall thinning or thickening and either no change or an increase or decrease in chamber size. If the ratio of LV wall thickness to chamber diameter or LV mass to chamber volume remains unchanged or increases the remodeling is referred to as concentric hypertrophy. If on the other hand wall thinning and LV dilatation occurs, the remodeling process is referred to as eccentric hypertrophy.
Volume overload Using an abdominal aorta to vena cava fistula model of VO, significant gender remodeling differences have been reported as depicted in Fig. 1 [10, 26] . After 8 weeks of VO, there is significant ventricular dilation (172 %) and wall thinning or eccentric hypertrophy in male hearts. In contrast, female hearts subjected to VO are only slightly enlarged and the wall thickness is appropriately increased (concentric hypertrophy). Mortality secondary to congestive HF is significant in males at 8 weeks of VO and is near 100 % by 20 weeks, while intact females with VO exhibit no signs or symptoms of HF throughout the 20-week period. That estrogen is responsible for the cardioprotection has been verified by the fact that male and ovariectomized female rats with VO adversely remodel and develop HF [10, 26] , while supplementary estrogen to male and ovariectomized rats with VO markedly attenuates or prevents the adverse remodeling and the development of HF [25, 27] .
Pressure overload Gender differences in cardiac remodeling in response to PO have been extensively studied. Recently, Chan et al. [13] provided an extensive characterization of LV remodeling in male and female spontaneously hypertensive rats (SHR) from 3 to 24 months of age. Both male and female SHR develop an initial concentric hypertrophy in response to PO. However, by 9 to 15 months of age, LV weight indexed to body weight tended to be greater in female SHR, although this only reached statistical significance at 12 months of age. This trend occurred despite the blood pressure level in the female SHR not reaching that of males during this time span. Despite the greater mass to body weight ratio, LV wall thickening was delayed in the female SHR and did not reach the levels of male SHR until 18 months of age. This coincided with the beginning of LV wall thinning in the males as they began to decompensate and transition to HF. Conversely, female SHR maintained the increased LV wall thickness throughout the Fig. 1 Cardiac cross-sections depicting gender remodeling differences after 8 weeks of sustained cardiac volume overload. While significant hypertrophy occurred in the male and female hearts, the male heart becomes markedly dilated with significant wall thinning while the female heart develops thicker walls with little chamber dilation remaining study period. In the male SHR, chamber size was decreased in comparison to normotensive controls over the first 15 months of age, consistent with concentric hypertrophy. Thereafter the male SHR LV dilated continuously. As a consequence, ejection fraction dramatically decreased after 18 months of age, indicative of HF. Conversely, the chamber of the female SHR LV was maintained at normal size throughout their lifespan and systolic function, as measured by ejection fraction, remained within normal limits.
Male and female SHR both experienced right ventricular hypertrophy, although it was delayed in the females (21 versus 18 months of age). One could speculate that, as a result of the right ventricular hypertrophy and the fact that the female SHR LV did not dilate, the female SHR would be prone to developing diastolic HF with preserved ejection fraction. However, while the mitral valve passive early (E) filling velocity wave and the atrial systolic (A) velocity wave ratio (E/A), as assessed with pulsed wave Doppler, dramatically increased in the male SHR at 21 months, E/A remained normal in the female SHR suggesting that diastolic function was maintained in the female SHR. There are, however, examples in mouse models where 9 weeks of transaortic constriction (TAC) induced greater hypertrophy in male hearts than in female hearts, and both genders had similar declines in ejection fraction [24] . Interestingly though, end diastolic pressure and lung weights were increased in males in this study, but not in females. Skavdahl et al. [73] found that LV hypertrophy was less in female mice than in males at 2 weeks post-TAC again indicating that the hypertrophic response is delayed in females.
Studies using ovariectomy and estrogen replacement suggest that estrogen is likely responsible for the cardioprotection in PO. PO in female rats due to abdominal aortic banding also leads to LV hypertrophy and increased end diastolic pressure; both of which were further increased in ovariectomized rats [4] . In ovariectomized mice, replacement estrogen significantly reduced LV hypertrophy in response to TAC-induced PO [80] .
In Table 1 , the long-term (i.e., the time associated with decompensation in males) changes in LV wall thickness, chamber size, and function in response to VO and PO are summarized for both genders.
Cardiomyocyte remodeling
Depending on the nature of the stress, cardiomyocyte remodeling involves the parallel and/or in-series addition of sarcomeres, resulting in cardiomyocyte thickening and/or lengthening, respectively. In general, concentric hypertrophy is the result of cardiomyocyte thickening or adding sarcomeres in parallel and eccentric hypertrophy results from cardiomyocyte thinning and elongating secondary to an in-series addition of sarcomeres.
Volume overload Despite the gender differences in geometrical remodeling, both sexes were reported to have significant increases in LV weight relative to controls at 8 weeks post VO (77 % increase for female and 114 % for male rats). Accompanying increases in right ventricular weight were also observed (134 % for female and 161 % for male rats) [26] . While most of these increases were attributable to increases in myocyte size, significant gender differences in the cardiomyocyte temporal remodeling response and geometry to VO have been reported. In response to an aortocaval-fistula-induced VO, Liu et al. [45, 46] reported progressive, temporally proportional increases in cardiomyocyte cross-sectional area (parallel sarcomeres) and length (in-series sarcomeres) at 5 days post-fistula and beyond in female rats. Contrastingly in male rats, cardiomyocyte length and width did not increase significantly during the first 35 days of VO [21] . Thereafter, the increase in cardiomyocyte size was primarily due to increases in myocyte length. The mechanisms underlying these remarkable gender differences in cardiomyocyte remodeling secondary to VO remain to be identified. However, they may be related to gender differences in extracellular matrix responses or cardiomyocyte integrin function (see Sections "Extracellular matrix remodeling" and "Role of integrins").
Pressure overload Cardiomyocyte remodeling in response to PO consists initially of an increase in cross-sectional area of the cell [1, 83] . Over time, these thicker cardiomyocytes begin to decrease in cross-sectional area and become elongated; coinciding with ventricular dilatation and an increase in wall stress in the male heart. Surprisingly, little has been done to study gender differences in cardiomyocytes at the structural level in PO. Tamura et al. [78] studied the spontaneously hypertensive heart failure rat (SHHF) and found that male SHHF cardiomyocytes had greater cross-sectional areas at 2, 4, and 6 months of age than females. Cardiomyocytes were also slightly longer in males at 2 months of age, but thereafter there were no gender differences in length. What is interesting though is that there appears to be a greater relative increase in size of the female SHHF cardiomyocytes (∼50 % increase), compared to the males (∼20 % increase). This greater relative increase may be important in providing cardioprotection since 24-month-old SHHF females maintained a far greater fractional shortening than 18-month-old males (42.1 versus 28.6 %). Re-enforcing the role of estrogen, replacement estrogen decreased cardiomyocyte cross-sectional area in ovariectomized mice undergoing TAC-induced PO [80] .
In Table 1 , the short-term as well as the long-term (i.e., the time associated with decompensation in males) changes in cardiomyocyte width and length in response to VO and PO are summarized for both genders.
Extracellular matrix remodeling
Interspersed between cardiomyocytes, nerves and blood vessels, the extracellular matrix is comprised of ground substance and connective tissue which is predominantly collagen with relatively small amounts of fibronectin, laminin, and elastin. Because fibrillar collagen is a relatively stiff material that is in intimate contact with all other components of the myocardium, it plays a crucial role in the maintenance of ventricular shape, size, and function [3, 36] . Collagen is synthesized within fibroblasts and myofibroblasts. Once deposited in mature form and subsequently cross-linked, interstitial fibrillar collagen is extremely stable and resistant to degradation. Nevertheless, the concentration of interstitial collagen in the myocardium is dependent on the balance between its synthesis and degradation and an imbalance will result in adverse remodeling of the collagen network and myocardium. To the best of our knowledge there are no studies in VO or PO that specifically investigate the role of gender on cardiac fibroblast function in vivo. Interestingly though, isolated male and female cardiac fibroblasts respond quite differently to estrogen. Cardiac fibroblasts from male rats increased expression of collagen I and III in response to estrogen, whereas expression of these genes was decreased in female cells incubated with estrogen [60] . However, relevant to PO, estrogen inhibited proliferation and collagen synthesis by cardiac fibroblasts [22] . Interestingly, estrogen metabolites were even more potent in inhibiting these responses. Further, estrogen has also been shown to prevent cardiac fibroblasts from increasing levels of both α1 and β1 integrins in response to angiotensin II [76] . Relevant to VO, estrogen treatment of isolated cardiac fibroblasts also from adult rats significantly decreased matrix metalloproteinase (MMP-2) mRNA and protein in both male and female cells [48] . As discussed below, MMP initiated degradation of myocardial collagen typically results in ventricular dilatation and a decrease in ventricular stiffness, while an abnormal increase in interstitial collagen concentration and/or cross-linking results in a stiffer myocardium and ventricular diastolic dysfunction.
Volume overload Following the creation of a fistula-induced VO in male rats, a significant increase in MMP activity occurs within 12 h that is then sustained for approximately the first week. As a consequence, there is significant fibrillar collagen degradation by the third day [7] and the onset of progressive ventricular dilatation and hypertrophy becomes apparent after 1 week of VO [8] . This myocardial ECM disruption in the initial response to VO is clearly deleterious in that it subsequently results in a significant depression in chamber contractility and the LV is clearly more compliant. As further evidence of a cause and effect relation between collagen degradation and ventricular dilatation, MMP inhibitors have been shown to attenuate ventricular dilatation using the fistula model of VO and other experimental models of HF in male rats [14, 59] and male pigs [74] . From these findings, one could conclude that elevations in MMP activity during the early stages of injury or elevated wall stress and the consequent degradation of fibrillar collagen are responsible for the initiation of a progressive remodeling process that eventually leads to a thinned wall and dilated failing LV. Once initiated, the adverse remodeling process continues despite a subsequent restoration and maintenance of near normal fibrillar collagen concentration after 2 weeks of VO.
Recently, it has been reported that this degradation of ECM collagen during the first 5 days of VO in male rats does not occur in intact premenopausal female rats with VO [47] . On the other hand, ovariectomized rats have a response to VO similar to males in that a significant decrease in myocardial collagen concentration occurs shortly after the initiation of VO. Accordingly, the cardioprotection mediated by the presence of estrogen appears to be largely due to the preservation of the ECM. Furthermore, the fact that, following VO in intact females, the ECM remains intact may explain the gender-related marked differences in cardiomyocyte remodeling discussed above. This possibility clearly requires additional research.
Pressure overload Under conditions of PO, there is an increased accumulation of ECM proteins, particularly fibrillar collagen, resulting in myocardial fibrosis [35, 84, 85] . This fibrosis continues to accumulate over time [13] and has the detrimental effect of causing an increase in LV stiffness and diastolic dysfunction [35, 84, 85] . Both male and female SHR continually accumulated similar levels of excess LV collagen over time with the exception of 24 months of age where males had greater amounts. Interestingly though, Chan et al. [13] found that the similar levels of increasing fibrosis in female hearts did not translate to the increases in diastolic stiffness that were observed in males. It remains to be determined if this was due to differences in types of collagen or the degree of collagen cross-linking between males and females [2, 16, 55] . Similarly, estrogen replacement failed to reduce cardiac fibrosis in ovariectomized mice exposed to TAC-induced PO [80] . This study did not include non-ovariectomized female mice so the effect PO has on fibrosis in the intact female remains unknown. In contrast to these studies, Fliegner et al. [24] found fibrosis to be increased in male mice hearts following 9 weeks of TAC, but not in females. The reason for these discrepant findings is not clear.
In Table 1 , the short-and long-term changes in the ECM in response to VO and PO are summarized for both genders.
Estrogen modulation of remodeling mechanisms
Role of mast cells
Cardiac mast cells produce and store a wide variety of cytokines, growth factors, vasoactive agents, and other biologically active mediators that are capable of mediating tissue remodeling. Importantly, several of these mediators are capable of activating MMPs, which in turn degrade the collagen matrix of the heart. Alternatively, cardiac mast cells have also been implicated in the fibrotic remodeling of the heart secondary to PO. However, little is known regarding the mechanisms by which cardiac mast cells are activated in VO and PO. Furthermore, as discussed below, there are gender differences in mast cell phenotype and function, which contribute to the cardioprotection afforded to pre-menopausal females.
Volume overload In male rats, LV cardiac mast cell density rapidly increases following the creation of VO. This event correlates with a significant increase in myocardial MMP activity and a 50 and 60 % reduction in collagen volume fraction by 3 and 5 days post VO, respectively [7] . Both the VO-induced MMP activation and subsequent collagen degradation have been shown to be prevented with a mast cell membrane stabilization compound and in mast-celldeficient rats [7, 43] , indicating a direct causal relationship between mast cell degranulation and increased MMP activity. Furthermore, adverse long-term VO-induced remodeling was significantly attenuated in mast-cell-deficient rats [43] and when mast cell degranulation was pharmacologically prevented [9] . Another outcome of the long-term prevention study was a significant decrease in mortality secondary to congestive HF, thus providing direct evidence that the early mast-cell-related alterations of the ECM are critical events that culminate in a dilated, highly compliant failing heart. Evidence exists to indicate that there are gender differences in mast cell function, which contribute to the cardioprotection afforded to premenopausal females. As stated earlier, there is no reduction in collagen volume fraction following the creation of VO in intact females [47] . In addition the greater mast cell density that was noted in male [7] and ovariectomized rats [47] did not occur in the intact female [47] . The fact that the VO-induced increase in mast cell density did not occur in males when mast cell degranulation was prevented [7] indicates that activation of mast cells is necessary for the greater density. This was verified by the recent findings of Li et al. [44] whereby the increase in mast cell density post the creation of VO was reported to be due to the release of chymase causing a rapid increase in the level of stem cell factor, which in turn stimulated the maturation of resident immature mast cells. Thus, it appears that there is a gender difference in the endogenous secretagogues responsible for VO-related mast cell activation. One possible candidate is endothelin-1, which is known to activate mast cells [52] and which is transiently elevated in male [53] and ovariectomized rats with VO and also in intact female rats but to a much lesser extent [47] . Other possibilities such as substance P [50] and oxidative stress [17, 51] need to be investigated further.
Another possible mechanism responsible for the cardioprotection in intact females with VO is estrogen phenotypic modulation of cardiac mast cell contents. This has been documented in a study by Chancey et al. as follows [15] . Following stimulation with the mast cell secretagogue, compound 48/80, isolated hearts from ovariectomized rats experienced a marked increase in MMP activity, a decrease in collagen volume fraction and ventricular dilatation when compared with hearts from intact females and from ovariectomized rats treated with supplementary estrogen. The fact that, in all three groups compound 48/80 resulted in 97 % of the mast cells being degranulated, clearly indicates differences in their secretory products secondary to the presence of estrogen.
In male rats cardiac mast cells have been shown to be an important source of tumor necrosis factor alpha (TNF-α) [29] . TNF-α has been reported to induce MMP-2 activity and MT1-MMP expression in a model of nucleus pulposus tissue degeneration and MMP-2 and MMP-9 in human corneal epithelial cells [70, 87] . Jobe at al. [37] have reported that progression of adverse myocardial remodeling secondary to VO was markedly attenuated by inhibition of TNF-α. For example, the myocardial collagen degradation seen in male rats at 3 days post-VO was prevented by TNF-α inhibition indicating that mast-cell-derived TNF-α is responsible for the initial MMP activation. In hearts from males [50] and intact and ovariectomized rats [47] , LV myocardial TNF-α levels were determined after the creation of VO. While there was no increase in TNF-α levels in the sham and intact female groups, there was a sustained 2-fold increase in ovariectomized [47] and male [50] rats at 3 and 5 days of VO relative to their respective sham groups. Furthermore, the mast cell stabilizer nedocromil prevented these increases [47] and no increase in TNF-α occurred in male mast-cell-deficient rats with VO [43] , thus providing additional support to the observation that, in the absence of estrogen, activated mast cells contribute significantly to myocardial TNF-α synthesis. It is also of interest to note that ovariectomy alone resulted in a doubling of myocardial TNF-α compared to that in the intact sham female rats [47] .
Currently, it is not known if there are gender differences in other mast cell secretory products which may affect VO remodeling. In general, connective tissue type MCs contain the proteases chymase and tryptase in addition to the cytokine TNF-α, which are known to influence the remodeling process associated with VO. For example as discussed above, mast-cell-derived chymase is responsible for the VOinduced increase in mast cell density [44] . Chymase is also capable of generating angiotensin II and converting precursors of TGF-β and MMP-2 and MMP-9 to their active forms [12, 79] . Tryptase appears to activate MMP-2 and possibly MMP-9 via its ability to activate proMMP-3 [31, 41] .
There is also the possibility that the activated mast cell could interact with MT1-MMP which directly causes ECM degradation, activates other pro-MMPs, and processes bioactive signaling molecules such as TNF-α [18] . Preliminary results from our laboratory identified estrogen response elements on the MT1-MMP promoter. In addition, LV MT1-MMP activity was determined in intact female and ovariectomized rats following 5 days of VO. The preliminary results demonstrated a significant increase in myocardial MT1-MMP activity in both the ovariectomized sham and VO rats, whereas the activity in the intact female after 5 days of VO was similar to that in the normal control. The >3-fold increase in MT1-MMP activity following ovariectomy is of particular interest as it clearly establishes the suppressive regulatory ability that estrogen exerts on MT1-MMP activity which may contribute to gender remodeling differences secondary to VO.
Pressure overload Similar to VO, mast cell density increases in the PO heart [56, 71] . Hara et al. [32] used the mast cell deficient mouse to determine if mast cells were important in developing HF following PO induced by aortic banding. They found that an absence of mast cells protected the PO hearts from dilatation and the loss of systolic function. We subsequently investigated the role of mast cells in the early development of myocardial remodeling and reported that inhibition of mast cell function with the mast cell stabilizing compound nedocromil prevented the development of fibrosis in the SHR heart, independent of blood pressure [42] . The mechanisms of this prevention appeared in part to be related to the mast-cell-specific protease tryptase, since it was elevated in the hypertensive heart. We further demonstrated that tryptase could induce cardiac fibroblast conversion to a myofibroblast phenotype and increase collagen synthesis by activation of protease activated receptor-2 and subsequent induction of ERK1/2 signaling, but not p38 of JNK [42, 49] . Additionally, we found that recruitment of macrophages into the hypertensive heart and altered cytokine levels were both normalized following mast cell stabilization, suggesting that these are also likely mechanisms by which mast cells induce fibrosis in the hypertensive heart. We also reported that mast cells regulated the levels of interferon-gamma and IL-4 in the hypertensive heart. IL-4 has subsequently been shown to regulate fibrosis in PO [38] . Shiota et al. [71] reported that infusion of the mast cell secretagogue, compound 48/80, into isolated hearts led to increased levels of IL-6. They also identified the presence of TNF-α and TGF-β1 in cardiac mast cells.
As was mentioned previously in VO, there is a possibility that cardiac mast cells may interact with MT1-MMP to induce remodeling. An interesting finding in the TAC model of PO is that MT1-MMP mRNA was up-regulated 148 % in male mice following 2 weeks of TAC, but only 42 % in female mice [73] . MT1-MMP expression is sensitive to changes in mechanical load, whereby increased wall tension accelerated MT1-MMP promoter activity in vitro [67] . Increased myocardial MT1-MMP expression has been identified in patients and animals with sustained LV PO [33, 88, 90] . This could have an impact on the development of fibrosis through MT1-MMPs ability to activate pro-fibrotic pathways. For example MT1-MMP processes latent TGF binding protein-1 resulting in the release of active TGFβ [5, 19, 23, 28, 39, 54, 62] . This may be relevant to mast cell contribution of TGFβ1 in PO hearts. Similarly, the ability of MT1-MMP to activate TNF-α may be an important factor in releasing mast-cell-derived TNF-α. MT1-MMP could also be important later in the remodeling process via its ability to activate other MMPs that degrade the matrix and initiate ventricular dilatation. Given the important role of MT1-MMP, estrogen modulation of this protease could be an important mechanism of cardioprotection in the female heart.
While there is strong evidence for a role for mast cells in fibrosis and ultimately HF in PO, we do not know if estrogen-induced changes in mast cell phenotype have any role in the cardioprotection observed in the female heart in response to PO. Given the evidence in VO studies presented above, it is reasonable to assume that this could also be the case in PO. However, this remains to be investigated.
In Table 1 , the short-term changes in TNF-α and mast cell density and the long-term changes in mast cell density in response to VO and PO are summarized for both genders.
Role of integrins
Integrins serve to maintain the three-dimensional spatial relationship of the myocardial components by mediating the attachment of the cardiomyocyte to the ECM, and thereby contributing to the transmission of cardiomyocyte contractile forces to the ventricular chamber [64, 65] . Accordingly, changes in the interaction between cardiomyocyte integrins and the ECM represent a potential mechanism that may contribute to the adverse functional and structural alterations that result from chronic elevations in ventricular wall stress.
Volume overload We are in the process of completing studies designed to determine whether alterations in cardiomyocyte integrin function (i.e., isolated male cardiomyocyte adhesion to ECM substrate components) correlate with the adverse structural myocardial remodeling induced by VO. A significant decrease in adhesion of cardiomyocytes to laminin, fibronectin, and collagen types I and IV were found to coincide with the ECM degradation occurring during the first 5 days of VO. Also, the subsequent development of symptomatic congestive HF was associated with significant increases in ventricular dimensions [11] , which correlated with striking reductions in integrin-mediated cardiomyocyte adhesion to the ECM substrates. While not conclusive, these preliminary findings implicate alterations in integrinmediated adult cardiomyocyte adhesion as an underlying mechanism responsible for the temporal progression of myocardial remodeling secondary to VO. However, it remains to be determined if the decreased adhesion was due to ECM degradation [7] or increased TNF-α levels [61] . In either case, intact female cardiomyocyte adhesion more than likely would remain normal with VO since ECM degradation and increased TNF-α do not occur [47] . This, however, remains to be determined.
Pressure overload α1 integrin was found to be increased in isolated cardiac fibroblasts from rat hearts exposed to 3 days of aortic banding [77] . This preceded the increase in collagen volume fraction in the LV of the banded animals. α2 integrin levels were elevated in these isolated fibroblasts from banded rats at 7 and 14 days. This corresponded with a period of increasing fibrosis in the hearts of the banded animals. Thus, up-regulation of integrin function may precede the development of fibrosis representing an important step in fibroblast migration to specific areas of the heart, at which point they continue to be up-regulated. Similarly, Bouzeghrane et al. [6] reported that the α8β1 integrin unit is expressed on cardiac fibroblasts and that expression was up-regulated in the PO heart following infusion of angiotensin II. Noteworthy is that areas of myocardial scarring were heavily infiltrated by α8β1 myofibroblasts. From the point of view of the cardiomyocyte, β1 and β3 integrins are required for compensatory hypertrophic growth in response to PO of the heart by interacting with other proteins essential for normal or hypertrophic cardiac function. Further, Ding et al. [20] identified abnormal β1 integrin deposition in hearts in the early stages of failure from mice with TAC-induced PO. In these hearts, β1 integrin was found in the ECM surrounding cardiomyocytes as well as on the cardiomyocytes themselves. Thus, it seems that integrins play an important role in fibroblast function and cardiomyocyte growth. Cardiac fibroblasts pretreated with estrogen did not increase production of α1 or β1 integrins following activation with angiotensin II [76] . Functionally, this was manifest as a decrease in collagen gel contraction in response to angiotensin II. However, whether gender differences exist in integrin function in the whole heart and the overall role this might play in cardioprotection in PO is currently unknown.
In Table 1 , the short-term changes in integrins in response to VO and PO are summarized for both genders.
Role of estrogen receptor
The biological actions of estrogen are mediated by its binding to specific estrogen receptors, (ER)-α and ER-β. Estrogen is known to mediate its effects on cells of the cardiovascular system via genomic and non-genomic mechanisms. Both male and female cardiomyocytes and fibroblasts possess ER mRNA [48, 57, 86] and, thus, presumably are susceptible to the influence of estrogen under conditions of VO and PO. In addition, there is evidence that stimulation of these receptors by estrogen activates multiple intracellular events [48, 63] . For example in neonatal rat LV cardiomyocytes, estrogen inhibits NF-κB activity by its binding to nuclear receptors [58] . Finally, while no one has investigated whether ERs are present in cardiac mast cells, Zaitsu et al. reported that a human mast cell line and rat bonemarrow-derived mast cells expressed mRNA for ER-α but not ER-β [89] .
Volume overload Eight weeks after the initiation of VO in young intact females, a 2-fold increase in the myocardial ER-β protein level and no change in ER-α protein level has been reported compared to sham-operated intact females. In contrast, ovariectomy prevented the VO-induced increase in ER-β protein and ER-α was significantly reduced following 8 weeks of VO. Estrogen supplementation to the ovariectomized rats increased the protein levels of both receptors [82] . Thus, while this study indicates that ER levels are affected by VO and ovariectomy, it does not indicate which ER is responsible for cardioprotection. Clearly, additional studies are required to determine the relative roles of the ERs in mediating the cardioprotective effects of estrogen whereby adverse remodeling in response to VO is prevented.
Pressure overload In mice subjected to 9 weeks of TACinduced PO, deletion of ER-β led to greater wall thickening in the female hearts and consequently an increased relative wall thickness indicative of concentric hypertrophy [24] when compared to ER-β −/− males. Deletion of ER-β led to greater increases in cardiomyocyte cross-sectional area in both sexes in response to TAC. Thus, ER-β may serve to limit cardiomyocyte hypertrophy in both sexes. While fibrosis occurred in male, but not female hearts following TAC, of great interest is the finding that deletion of ER-β decreased the amount of fibrosis in the male hearts in response to TAC, but dramatically increased the amount of fibrosis in the female hearts. Thus, in female hearts ER-β appears to be important in limiting both cardiomyocyte hypertrophy and fibrosis. Interestingly though, while not statistically significant, ER-β −/− females tended to have a slightly improved ejection fraction, compared to ER-β −/− males.
Skavdahl et al. [73] used female ER-α and ER-β knockout mice to elucidate the role of each receptor over the shorter time period of 2 weeks post-TAC. They found that deletion of ER-α had no effect on hypertrophy, however, deletion of ER-β resulted in an increased hypertrophic response in the female hearts. This may be due to a down-regulation of lipoprotein lipase in the ER-β knockout mice which is the rate-limiting enzyme for delivery of fatty acids to muscle [73] . This is similar to the findings of Fliegner et al. [24] described above, albeit at an earlier time-point in the remodeling process. Somewhat in contrast with Fliegner et al. though, they did not find any effect of ER-β knockout on male hearts. Overall though, protection from PO may be conferred via ER-β. Other than the observation that both ERs are affected by VO and ovariectomy nothing is known regarding the relative roles of the ERs in VO cardioprotection via estrogen. In contrast, the current results in PO using ER-α and ER-β knockout mice indicate that ER-β is responsible for the estrogen-mediated cardioprotection.
Summary
A summary of the gender remodeling differences in response to VO and PO are presented in Table 1 . While there remains the need for additional research regarding gender differences in myocardial remodeling secondary to a sustained increase in stress, evidence exists indicating that premenopausal female hearts have the ability to compensate. In the case of VO-induced stress, estrogen alters the course of remodeling, primarily through reduced extracellular matrix degradation, whereby the interstitial cardiac mast cell plays a mechanistic role in this process. Directional alterations in extracellular matrix proteolytic activity, primarily through the MMPs, including MT1-MMP, and mast cell degranulation were associated with the LV remodeling in VO in male and ovariectomized rodents but not in intact pre-menopausal females. While less is known regarding the mechanisms responsible for estrogen-related cardioprotection in PO-induced stress, gender differences in remodeling have been reported again indicating the ability of premenopausal females to adequately compensate. In view of the fact that, in male mice, mast cells have been shown to play in role in the adverse remodeling secondary to PO suggests that estrogen modification of mast cell phenotype for cardioprotection occurs in females with PO. However, this remains to be determined.
The fact that, a significant cause of morbidity and mortality in post-menopausal women is HF emphasizes the need for further research into gender remodeling differences. While the mechanisms which contribute to the increased incidence and acceleration of HF in this patient population remain unresolved, a common structural event is adverse LV remodeling. In addition, cardiac remodeling in response to a sustained elevation in myocardial injury and/or stress is a progressive process. Therefore, in order to understand the mechanisms underlying gender remodeling differences, temporal information regarding LV shape and size, cardiomyocyte dimensions and integrin function, and ECM status need to be determined. While such information is accumulating as discussed in the sections above and summarized in Table 1 , there remain specific questions which need to be addressed. While there is convincing evidence that mast cells are playing a major role in remodeling in response to VO and PO, the endogenous secretagogues responsible for mast cell activation need to be identified as well as whether estrogen prevents their activation. Further, what factors dictate whether activated mast cells cause ECM degradation in VO or fibrosis in PO is still unknown, and how estrogen interferes with these outcomes is of critical importance. Similarly, the factors responsible for determining MT1-MMP's ability to cause ECM degradation and to cause fibrosis depending on the type of stress and the preventative role of estrogen in this process are not fully understood. Such information would be invaluable in identifying critical downstream molecular triggers that are under the regulation of estrogen and relevant to LV remodeling. Accordingly, more targeted therapy could be developed thereby providing cardioprotection possibly to both genders while avoiding the adverse effects of systemic estrogen delivery.
